Glucagon-like peptide-1 receptor (GLP-1R) activation in the nucleus accumbens (NAc) core is pharmacologically and physiologically relevant for regulating palatable food intake. Here, we assess whether GLP-1R signaling in the NAc core of rats modulates GABAergic medium spiny neurons (MSNs) through presynaptic-glutamatergic and/or presynaptic-dopaminergic signaling to control feeding. First, ex vivo fast-scan cyclic voltammetry showed that the GLP-1R agonist exendin-4 (Ex-4) does not alter dopamine release in the NAc core. Instead, support for a glutamatergic mechanism was provided by ex vivo electrophysiological analyses showing that Ex-4 activates presynaptic GLP-1Rs in the NAc core to increase the activity of MSNs via a glutamatergic, AMPA/kainate receptor-mediated mechanism, indicated by increased mEPSC frequency and decreased paired pulse ratio in core MSNs. Only a small, direct excitatory effect on MSNs by Ex-4 was observed, suggesting that the contribution of postsynaptic GLP-1R to MSN activity is minimal. The behavioral relevance of the electrophysiological data was confirmed by the finding that intracore injection of the AMPA/kainate receptor antagonist CNQX attenuated the ability of NAc core GLP-1R activation by Ex-4 microinjection to suppress food intake and body weight gain; in contrast, intracore NMDA receptor blockade by AP-5 did not inhibit the energy balance effects of NAc core Ex-4. Together, these data provide evidence for a novel glutamatergic, but not dopaminergic, mechanism by which NAc core GLP-1Rs promote negative energy balance.
Introduction
The incretin hormone glucagon-like peptide-1 (GLP-1) is produced peripherally by L-cells of the distal small intestine, and centrally by neurons in the nucleus tractus solitarius (NTS; Holst, 2007) . NTS GLP-1-producing neurons project throughout the brain to many nuclei relevant for energy balance regulation, including mesolimbic reward system (MRS) nuclei such as the ventral tegmental area (VTA) and the nucleus accumbens (NAc; Dossat et al., 2011; . While GLP-1 receptor (GLP-1R) activation in these MRS sites is pharmacologically and physiologically relevant for the control of palatable food intake (Dossat et al., 2011; , the physiological and behavioral mechanisms by which this occurs are just beginning to be elucidated. Within the VTA, presynaptic GLP-1R activation by the agonist exendin-4 (Ex-4) stimulates glutamatergic transmission to VTA dopamine neurons through AMPA/kainate receptors, and AMPA/kainate receptor activation is required for the intake-suppressive effects of VTA GLP-1R activation (Mietlicki-Baase et al., 2013) . Whether similar glutamatergic mechanisms are involved in mediating the food intakesuppressive effects of GLP-1R action in the NAc remains unknown.
GABAergic medium spiny neurons (MSNs) constitute the major neuronal population in the NAc (Chang and Kitai, 1985) . The overall activity of the NAc inversely impacts reward behavior, as increased NAc activity reduces and decreased activity enhances reward (Maldonado-Irizarry et al., 1995; Pierce et al., 1997; Carlezon and Thomas, 2009) . NAc MSNs receive inputs from several CNS nuclei (for review, see Shirayama and Chaki, 2006) , providing many potential sources for modulation of NAc activity. Dopamine signaling from midbrain neurons in the VTA is a major source of NAc input, and dopamine release in the NAc is associated with rewarding stimuli ( well as reward-directed behavior (Hajnal and Norgren, 2001) . Glutamate is another key neurotransmitter that modulates MSN signaling. The NAc receives glutamatergic inputs from numerous CNS nuclei including the amygdala, hippocampus, and thalamic and cortical structures (Floresco et al., 2001; Papp et al., 2012) . Like dopamine, glutamate signaling in the NAc can modulate MSN activity to regulate reward-directed behavior (Kelley et al., 2005) .
GLP-1 input to the NAc, originating from GLP-1-producing preproglucagon (PPG)-expressing NTS neurons (Dossat et al., 2011; , may modulate MSN activity to impact behavior. Although GLP-1R activation in the NAc reduces palatable food intake (Dossat et al., 2011; Dickson et al., 2012) , the location of the relevant GLP-1R populations (presynaptic or postsynaptic) is unknown. Indeed, it is possible that NAc GLP-1R activation may promote negative energy balance by modulating dopaminergic and/or glutamatergic neurotransmission onto MSNs. Here, we focus on GLP-1R signaling in the NAc core, as the anorectic effects of GLP-1R activation in the NAc are mediated predominantly by this subregion rather than the shell (Dossat et al., 2011; . Using a combination of ex vivo electrophysiological and voltammetric techniques and in vivo behavioral analyses, we test the hypothesis that GLP-1R signaling in the NAc core controls food intake by modulating MSN activity via glutamatergic and/or dopaminergic signaling.
Materials and Methods

Subjects
Adult male Sprague Dawley rats (Charles River Laboratories) were individually housed in a temperature-and humidity-controlled environment under a 12 h reverse light/dark cycle. Animals were housed in plastic bins for electrophysiological and voltammetric analyses and in hanging wire mesh cages for behavioral testing. Food and water were available ad libitum except where noted.
Drugs
The AMPA/kainate receptor antagonist CNQX (R&D Systems), NMDA receptor antagonist AP-5 (Sigma), and the GLP-1R agonist Ex-4 (American Peptide), as well as cocaine and quinpirole were dissolved in artificial CSF (aCSF; Harvard Apparatus) for central injections and electrophysiological and voltammetric analyses. Doses for drugs were selected from the literature (Jones et al., 1995; Maldonado-Irizarry et al., 1995; Phillips et al., 2003; Acuna-Goycolea and van den Pol, 2004; Famous et al., 2007; Hayes et al., 2008; Schmidt et al., 2009; Dickson et al., 2012; Mietlicki-Baase et al., 2013) .
Fast-scan cyclic voltammetry
Adult male Sprague Dawley rats (375-425 g when killed) were anesthetized with ketamine/xylazine (100/10 mg/kg, i.p.), decapitated, and brains were rapidly removed. Coronal slices containing striatum (300 m), but excluding midbrain dopaminergic cell bodies, were cut on a vibrating blade microtome (Leica VT1200) in ice-cold sucrose-based aCSF containing the following (in mM): 200 sucrose, 25 NaHCO 3 , 2.5 KCl, 0.5 CaCl 2 , 3 MgCl 2 , 1 Na 2 HPO 4 , 20 glucose, and 10 ascorbic acid. Slices were incubated for at least 1 h at 32Ϫ34°C in recovery aCSF containing the following (in mM): NaCl 120, 25 NaHCO 3 , 2.5 KCl, 0.5 CaCl 2 , 3 MgCl 2 , 1 Na 2 HPO 4 , 20 glucose, and 10 ascorbic acid. All solutions used were saturated with 95% O 2 /5% CO 2 . For recordings, slices were placed in a chamber and perfused with recording aCSF containing the following (in mM): NaCl 120, 25 NaHCO 3 , 2.5 KCl, 2.5 CaCl 2 , 1 MgCl 2 , 1 Na 2 HPO 4 , and 20 glucose at room temperature. A bipolar stimulating electrode (ϳ1 mm tip separation; Plastics One) was placed within the NAc core and a glass insulated carbon fiber electrode was placed between the tips. Fast-scan cyclic voltammetry has been described previously (Brown et al., 2011) . Briefly, a triangular waveform (Ϫ0.4 to ϩ1.3 to Ϫ0.4 V; 400 V/s) was applied to the carbon fiber electrode using custombuilt hardware and software (University of Washington Electronics and Materials Engineering Shop, Seattle, WA). The waveform was initially applied at 60 Hz for 10 min, to condition the electrode, and then at 10 Hz while all experiments were being conducted. Dopamine release was evoked by monopolar stimulation (five pulses, 25 Hz, 400 A/pulse) every 3 min. Release of dopamine was confirmed by examining currentvoltage plots, which showed an oxidation peak at approximately ϩ0.6 V and a reduction peak at approximately Ϫ0.2 V (see Fig. 1A , colorplot). Stimulations proceeded for 30 min (6 stimulations) to obtain a baseline for evoked dopamine release. Next, either aCSF (n ϭ 4) administration continued or drugs [Ex-4 (1 M; n ϭ 5); cocaine (10 M; n ϭ 4); quinpirole (10 M; n ϭ 4); Wash In] added to aCSF were bath applied. After three stimulations, the bath source was switched back to just aCSF (Wash Out) for another four stimulations. The magnitude of evoked dopamine release was measured in nA and converted to nM based on postrecording calibration of each electrode using 1 M dopamine dissolved in aCSF.
Electrophysiological studies
Adult male Sprague Dawley rats (300 -350 g when killed) were anesthetized by isoflurane and decapitated. Their brains were rapidly removed and coronal slices (300 m) containing the NAc were cut using a Vibratome (VT1000S; Leica Microsystems) in an ice-cold aCSF solution in which NaCl was replaced with an equiosmolar concentration of sucrose. aCSF contained the following (in mM): 130 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 1 MgCl 2 , and 2 CaCl 2 , pH 7.2-7.4, when saturated with 95% O 2 and 5% CO 2 . Slices were incubated in aCSF at 32-34°C for 45 min and kept at 22-25°C thereafter, until transfer to the recording chamber. All solutions had osmolarity between 305 and 315 mOsm. Slices were viewed under an upright microscope (Eclipse FN1; Nikon Instruments) with infrared differential interference contrast optics and a 40ϫ water-immersion objective. For recordings, the chamber was continuously perfused at a rate of 1-2 ml/min with oxygenated aCSF heated to 32 Ϯ 1°C using an automated temperature controller (Warner Instruments). Recording pipettes were pulled from borosilicate glass capillaries (World Precision Instruments) to a resistance of 4 -7 M⍀ when filled with the intracellular solution. The intracellular solution contained the following (in mM): 145 potassium gluconate, 2 MgCl 2 , 2.5 KCl, 2.5 NaCl, 0.1 BAPTA, 10 HEPES, 2 Mg-ATP, 0.5 GTP-Tris, and 1 QX-314, pH 7.2-7.3, with KOH, osmolarity 280 -290 mOsm. The presence of magnesium in the solution and hyperpolarized holding current (V h ϭ Ϫ70 mV) prevented activation of NMDA-mediated currents, allowing us to isolate AMPA/kainate-mediated effects.
NAc core MSNs were identified by their morphology and low resting membrane potential (Ϫ70 to Ϫ85 mV). Miniature EPSC (mEPSC) recordings were conducted in the presence of tetrodotoxin (1 M) in whole-cell voltage-clamp mode (V h ϭ Ϫ70 mV) using a MultiClamp700B amplifier (Molecular Devices); the inclusion of TTX blocks the voltagegated sodium channels and prevents the generation of action potentials in mEPSC experiments. QX-314 was omitted from the intracellular solution in experiments evaluating action potential firing. For paired-pulse ratio (PPR) experiments, evoked responses with an interstimulus interval of 100 ms were triggered by 100 s constant-current pulses generated by an A310 Accupulser (World Precision Instruments) and delivered at 0.2 Hz via a bipolar tungsten stimulation electrode positioned within 100 m of the recorded cell. Ex-4 (1 M) was applied via the Y-tube perfusion system modified for optimal solution exchange in brain slices. Neurons from a total of four animals were analyzed. All Ex-4 data were collected after a minimum of 4 min of Ex-4 exposure. Currents were low-pass filtered at 2 kHz and digitized at 20 kHz using a Digidata 1440A acquisition board (Molecular Devices) and pClamp10 software (Molecular Devices). Access resistance (10 -30 M⍀) was monitored during recordings by injection of 10 mV hyperpolarizing pulses; data were discarded if access resistance changed Ͼ25% over the course of data collection.
Behavioral testing
Surgery. Rats were anesthetized with an intramuscular injection containing ketamine (90 mg/kg), xylazine (2.7 mg/kg), and acepromazine (0.64 mg/kg) and subsequently placed into a stereotaxic apparatus. Each rat was stereotaxically implanted with a unilateral guide cannula (26 gauge; Plastics One) positioned 2 mm above the NAc core (coordinates: 2.5 mm anterior to bregma, 1.4 mm left of midline, 4.5 mm ventral to skull; injector aimed 6.5 mm ventral to skull). Cannulae were affixed to the skull with dental acrylic and jeweler's screws. Analgesia was provided for all surgeries (meloxicam, 2 mg/kg). NAc core cannula placements were verified histologically postmortem with injection of pontamine sky blue ink (100 nl). A representative image of NAc core cannula placement is shown in Figure 4C .
Behavioral experimentation. Nonobese rats (n ϭ 8; 351.9 Ϯ 15.8 g at the beginning of experimental testing) were maintained on high-fat diet (HFD; 60% kcal from fat; Research Diets) for 1 week before testing, as our previous findings indicate that NAc core GLP-1R activation preferentially reduces intake of HFD compared with chow Mietlicki-Baase et al., 2013) . Shortly before the onset of the dark phase, nondeprived rats received unilateral intra-NAc core injections of the AMPA/kainate receptor antagonist CNQX (0.3 g; dose selection from Schmidt et al., 2009 and Mietlicki-Baase et al., 2013) or its vehicle (100 nl aCSF) followed by a second intra-NAc core injection of the GLP-1R agonist Ex-4 (0.05 g; dose selection from Mietlicki-Baase et al., 2013) or its vehicle (100 nl aCSF). At dark onset, rats were given access to preweighed HFD; cumulative food intake was measured to the nearest 0.1 g, accounting for spillage, at 1, 3, 6, and 24 h. Body weight change over the 24 h test period was also measured. Rats received all four possible drug combinations in a counterbalanced design, with treatments separated by at least 72 h. A separate group of nonobese, ad libitum HFD-maintained rats (n ϭ 6; 313.3 Ϯ 21.3 g at the beginning of experimental testing) received unilateral intra-NAc core injections of the NMDA receptor antagonist AP-5 (1 g; dose chosen from Maldonado-Irizarry et al., 1995) or its vehicle (100 nl aCSF) followed by a second intra-NAc core injection of Ex-4 (0.05 g) or its vehicle (100 nl aCSF) in a within-subjects, counterbalanced design. Similar to the CNQX experiment, HFD intake (1, 3, 6, and 24 h) and 24 h body weight change were analyzed.
Data analyses and statistics
The ␣ level for all tests was set at p Ͻ 0.05. For voltammetric analyses, dopamine concentration was expressed as a percentage of average baseline for each treatment condition (aCSF, Ex-4, cocaine, and quinpirole) and statistically compared using a two-way ANOVA with Bonferroni post hoc comparisons, at each time point, against aCSF treatment. For electrophysiological studies, all analyses were completed using Clampfit 10 (Molecular Devices). The time constant of decay was based on a monoexponential fit to the decay phase of an average mEPSC trace computed from a minimum of 60 individual mEPSCs. Mean mEPSC frequencies were analyzed from 20 s trace segments. PPRs were calculated by averaging 5-10 responses and dividing the peak amplitude of the second evoked EPSC by the peak amplitude of the first evoked EPSC. Statistical comparisons were done using two-tailed paired Student's t tests. For behavioral tests, statistical analyses were conducted using Statistica (StatSoft). Binned food intake and body weight data were analyzed using separate mixed-design ANOVAs to account for the within-subjects experimental design while assessing between-subjects effects of drug treatments. Statistically significant effects were probed using Student-Newman-Keuls post hoc analyses.
Results
GLP-1R activation in the NAc core does not affect dopamine release
The NAc core receives robust dopaminergic input from the VTA (Fallon and Moore, 1978; Phelix and Broderick, 1995) , and dopamine signaling within the core mediates aspects of food intake (Bassareo and Di Chiara, 1999; Bassareo et al., 2002; Roitman et al., 2004) . Here, we used fast-scan cyclic voltammetry to investigate whether GLP-1R activation directly in the NAc core can affect MSN activity, in part, by modulating dopamine release from dopamine terminals. As expected, electrical stimulation reliably evoked a brief increase in dopamine release in every slice (Fig. 1A) . Average baseline evoked dopamine did not differ across treatment conditions (F (3,13) ϭ 0.72; n.s.). Bath application of Ex-4 was compared with positive (cocaine, quinpirole) and negative (aCSF) controls. As seen in Figure 1B and supported by a significant interaction (F (36,156) ϭ 20.13; p Ͻ 0.0001), treatments differentially affected the magnitude of evoked dopamine release. Bonferroni post hoc comparisons against aCSF revealed that, consistent with prior work (Jones et al., 1995) , the dopamine transporter blocker cocaine significantly increased the magnitude of evoked dopamine release at 6 min after the introduction of cocaine (maximum increase at 15 min post introduction; 224.5 Ϯ 16% of Baseline, mean Ϯ 1 SEM) through the end of the recording session. Also consistent with prior work (Phillips et al., 2003) , the dopamine D2 receptor agonist quinpirole significantly suppressed the magnitude of evoked dopamine release at 6 min after the introduction of quinpirole (maximum decrease at 15 min post introduction; 48.2 Ϯ 16% of Baseline, mean Ϯ 1 SEM) through the end of the recording session. While these positive controls had a profound effect on evoked dopamine release, bath administration of Ex-4 was not different from aCSF at any time point. These data indicate that a change in dopamine release likely does not contribute to a change in MSN activity or suppression in food intake by NAc core GLP-1R activation.
Presynaptic GLP-1Rs in the NAc core modulate MSN activity via a glutamatergic, AMPA/kainate-mediated mechanism Glutamatergic input in the NAc regulates the neuronal activity of MSNs (Stefani et al., 1998; Britt et al., 2012) . Furthermore, NAc glutamatergic signaling, particularly via AMPA/kainate receptors, is required for the normal control of food intake (Maldonado-Irizarry et al., 1995) . Within the NAc, GLP-1Rs in the core subregion are physiologically relevant for energy balance regulation . Given these previous findings, and having determined that NAc core GLP-1R activation does not alter dopamine release evoked from terminals, we hypothesized that NAc core GLP-1R activation increases the strength of glutamatergic, AMPA-kainate receptor-mediated transmission in MSNs.
Using whole-cell patch-clamp electrophysiology, we recorded pharmacologically isolated, AMPA/kainate-mediated mEPSCs from NAc core MSNs before and during bath application of Ex-4 (1 M). The frequency of MSN mEPSCs increased during Ex-4 application (Figure 2 A, To confirm the presynaptic GLP-1R effect, we analyzed the PPR of MSNs before and after Ex-4 bath application. Consistent with the mEPSC data, Ex-4 decreased the PPR of evoked EPSCs (Figure 2 E, F; t (6) ϭ 4.31, p Ͻ 0.01), providing further support that GLP-1Rs exert their effects presynaptically, presumably by increasing the probability of glutamate release.
To directly test the possible contribution of postsynaptic GLP-1R to MSN activity, we evaluated the effect of Ex-4 on action potential firing in MSNs. Ex-4 treatment mildly depressed the frequency of action potential firing in MSNs (Fig. 3) ; this reduction was associated with a small but significant decrease in resting membrane potential (aCSF ϭ Ϫ75.3 Ϯ 1.3 mV, aCSF ϩ Ex-4 ϭ Ϫ78.6 Ϯ 1.1 mV; p Ͻ 0.02). Together, these data indicate a small contribution of postsynaptic GLP-1R activation to MSN activity. These postsynaptic effects of GLP-1R activation are likely independent of AMPA/kainate receptor signaling, however, given that the mEPSC charge, decay time, and amplitude were not altered by Ex-4 (Fig. 2D) . Collectively, the data indicate that GLP-1R activation in the NAc core activates MSNs predominantly by a presynaptic, AMPA/kainate-mediated glutamatergic mechanism, with slight postsynaptic effects.
Blockade of AMPA/kainate receptors, but not NMDA receptors, in the NAc core attenuates the food intake-and body weight-suppressive effects of intra-NAc core GLP-1R activation
Given the findings that GLP-1R activation in the NAc core increases AMPA/kainate-mediated glutamatergic signaling in the core, we tested the hypothesis that the increased AMPA/kainate signaling is required for the suppression of food intake and body weight gain produced by NAc core GLP-1R activation. Consistent with previous studies , delivery of the GLP-1R agonist Ex-4 (0.05 g) into the NAc core reduced HFD intake at 3, 6, and 24 h post injection ( Fig. 4A ; main effect of Ex-4 from 3 to 24 h, all ANOVAs F (1,7) Ն 5.88, p Ͻ 0.05). Intra-NAc core pretreatment with the AMPA/kainate receptor antagonist CNQX (0.3 g) attenuated this Ex-4-induced suppression of feeding at 6 and 24 h ( Fig. 4A ; main effects of CNQX and Ex-4 at 6 and 24 h, all ANOVAs F (1,7) Ն 5.88, p Ͻ 0.05; interaction between CNQX and Ex-4 at 24 h, F (1,7) ϭ 7.64, p Ͻ 0.03; planned comparisons between aCSF/Ex-4 and CNQX/Ex-4 at 6 and 24 h, p Ͻ 0.03). Twenty-four hour body weight gain was also decreased by intra-NAc core Ex-4 (Fig. 4B , interaction of CNQX and Ex-4, F (1,7) ϭ 8.06, p Ͻ 0.03; planned comparison between aCSF/aCSF and aCSF/Ex-4, p ϭ 0.03), whereas no significant change in body weight was observed in rats given the combination of CNQX and Ex-4 ( Fig. 4B ; planned comparison between aCSF/aCSF and CNQX/Ex-4, p ϭ 0.18).
To assess a possible contribution of glutamatergic NMDA receptors in mediating the intake suppressive effects of NAc core GLP-1R activation by Ex-4, rats were given intracore injection of the NMDA receptor antagonist AP-5 (1 g) in conjunction with intracore injection of Ex-4 (0.05 g), and subsequent HFD intake and body weight gain were measured. As expected, Ex-4 reliably reduced food intake ( Fig. 5A ; main effects of Ex-4 at 3, 6, and 24 h, all ANOVAs F (1,5) Ն 13.14, p Ͻ 0.02) and body weight gain ( Fig.  5B ; main effect of Ex-4, F (1,5) ϭ 7.45, p Ͻ 0.05). However, unlike CNQX, intracore administration of AP-5 had no effect on the ability of NAc core Ex-4 to suppress food intake and body weight gain over the 24 h testing period (for all significant main effects ANOVAs, planned comparisons between aCSF/Ex-4 and AP-5/ Ex-4 p Ͼ 0.05). Together, these findings confirm that AMPA/ kainate-mediated, but not NMDA-mediated, glutamatergic signaling is required for the ability of intra-NAc core GLP-1R activation to promote negative energy balance.
Discussion
The current data support the hypothesis that GLP-1R activation in the NAc core promotes negative energy balance in part by a glutamatergic, AMPA/kainate receptor-mediated mechanism. Electrophysiological studies establish that presynaptic GLP-1R stimulation in the NAc core increases the probability of gluta- . AMPA/kainate receptors are required for the food intake-and body weightsuppressive effects of NAc core GLP-1R activation. A, Intra-NAc core injection of the GLP-1R agonist Ex-4 (0.05 g; vehicle, 100 nl aCSF) suppresses intake of a palatable HFD beginning at 3 h post injection. This effect is attenuated by intracore pretreatment with the AMPA/kainate receptor antagonist CNQX (0.3 g; vehicle, 100 nl aCSF) at 6 and 24 h. T , main effect of CNQX; *, main effect of Ex-4; #, interaction between CNQX and Ex-4 (all p Ͻ 0.05); within a time bin, bars with different letters are significantly different ( p Ͻ 0.05). B, Body weight gain over the 24 h test period was significantly decreased by NAc core Ex-4, but not by the combination of CNQX and Ex-4. *p Ͻ 0.05, significantly different from aCSF/aCSF. All quantified data are shown as mean Ϯ SEM. The key in A also applies to B. C, Representative histological image depicting verification of proper NAc core cannula placement with 100 nl pontamine sky blue ink. DTT, Dorsal tenia tecta; Den, dorsal endopiriform nucleus; aca, anterior part of the anterior commissure; IEn, intermediate endopiriform nucleus; VP, ventral pallidum; ICj, islands of Calleja. mate release within this site, subsequently enhancing the mEPSC frequency at postsynaptic AMPA/kainate receptors in GABAergic MSNs. Behavioral studies confirmed the requirement of AMPA/kainate receptor activation to mediate the suppression of food intake by NAc core GLP-1R activation, as intra-NAc core administration of an AMPA/kainate receptor antagonist, attenuated the suppression of food intake and body weight gain produced by intra-NAc core Ex-4. Importantly, glutamatergic NMDA receptor blockade with intracore injection of AP-5 had no impact on the energy balance effects of NAc core GLP-1R activation.
The NAc core receives glutamatergic input from a variety of nuclei including the prefrontal cortex (PFC), the amygdala, and the hippocampus, among others (for review, see Kelley et al., 2005) . Our data indicate that NAc core presynaptic GLP-1Rs on intracore glutamate terminals modulate glutamatergic AMPA/ kainate signaling to MSNs to reduce feeding. Together with the previous finding that GLP-1Rs in the NAc core are physiologically relevant for the control of feeding (Dossat et al., 2011; , this suggests that the NAc core may respond to endogenous GLP-1 to promote negative energy balance through presynaptic modulation of glutamate signaling. GLP-1-producing PPG NTS neurons are activated by an array of energy status signals including gastric distension (Vrang et al., 2003; Hayes et al., 2009) , inflammation/stress signaling (Gaykema et al., 2009; Zhang et al., 2009) , and intestinally derived satiation signals like cholecystokinin (Hisadome et al., 2011) . As NTS PPG neurons project monosynaptically to the NAc core (Dossat et al., 2011; , this indicates a potential physiological pathway by which GLP-1 release in the NAc core is induced and may contribute to feeding behavior. Indeed, the presynaptic, glutamatergic mechanism of GLP-1R action in the NAc in the present studies is also observed in other nuclei, including the VTA (Mietlicki-Baase et al., 2013) and the hypothalamus (Acuna-Goycolea and van den Pol, 2004) , hinting at the possibility that this may be a general mechanism by which GLP-1R activation in forebrain nuclei modulates neuronal activity to control feeding.
Although the current data indicate the importance of presynaptic GLP-1R modulation of intracore glutamate signaling for the control of feeding, they do not identify the source of these glutamatergic inputs. Given the recent discovery that peripheral GLP-1 analogs can decrease the rewarding properties of drugs of abuse (Egecioglu et al., 2013; Graham et al., 2013; Shirazi et al., 2013) , the glutamatergic PFC-core projection may be of particular interest, as this pathway has been implicated in drug-seeking behavior (McFarland et al., 2003; LaLumiere and Kalivas, 2008) . NAc GLP-1 signaling also decreases the rewarding value of palatable food, demonstrated by the finding that motivation to work for sucrose pellets is reduced by intra-NAc Ex-4 (Dickson et al., 2012) . These previous findings, together with our current data, highlight the intriguing possibility that intra-NAc, presynaptic GLP-1R may modulate incoming PFC glutamatergic input to reduce the rewarding value of various types of stimuli (food, drug). Nevertheless, several CNS nuclei send glutamatergic projections to the NAc core (Kelley et al., 2005) , and the possibility that presynaptic GLP-1R in the core might regulate glutamatergic neurotransmission originating from additional or alternate (non-PFC) nuclei should not be discounted. Such hypotheses require further testing.
Current ex vivo analyses focused on examining alterations in glutamatergic AMPA/kainate receptor signaling, rather than NMDA-mediated effects, for several reasons. First, blockade of NAc AMPA/kainate receptors increases food intake, whereas NAc NMDA receptor antagonism has no effect on feeding (Maldonado-Irizarry et al., 1995) . In addition, the anorectic effects of GLP-1R activation in another MRS site, the VTA, are dependent on signaling by AMPA/kainate but not NMDA receptors (Mietlicki-Baase et al., 2013) . Together, these previous findings suggest a role for non-NMDA receptors in MRS GLP-1R-mediated control of feeding. Indeed, our behavioral data support the hypothesis that AMPA/kainate receptor signaling is necessary for the food intake-suppressive effects of NAc core GLP-1R activation, as intracore AMPA/kainate receptor blockade, but not NMDA receptor blockade, attenuates the energy balance effects of NAc core GLP-1R activation. However, these data do not rule out the possibility that nonglutamatergic signaling may factor into the ability of intra-NAc core Ex-4 to reduce food intake and body weight. In fact, the finding that intra-NAc core CNQX attenuated, but did not completely block, the effects of Ex-4 in this subnucleus suggests that alternate mechanisms may also mediate a percentage of the intake-suppressive effects of NAc core GLP-1R activation. As GLP-1R activation did produce a small but significant reduction in resting membrane potential in the MSN, it is possible that direct postsynaptic effects also marginally contribute to the intake-suppressive effects of intraNAc Ex-4 administration. It is also worth considering the notion that the minor postsynaptic GLP-1R effects observed from Ex-4 may induce release of a diffusible retrograde transmitter to activate presynaptic glutamatergic neurons. The regulation of feeding behavior by retrograde signals, such as the endocannabinoids (Perez-Morales et al., 2012) , is only beginning to be understood; Ex-4-mediated release of an unidentified retrograde signal is an explanation that would integrate the predominantly presynaptic GLP-1R effects observed here with the small postsynaptic effects. Another extremely remote possibility is that NAc Ex-4 activates some yet unidentified alternative receptor other than the GLP-1R. However, given that Ex-4 is well established as a GLP-1R agonist, this seems unlikely.
In the VTA, GLP-1R activation engages a glutamatergic, AMPA/kainate-mediated mechanism to increase the EPSC frequency in VTA dopamine neurons (Mietlicki-Baase et al., 2013) . In addition, intra-VTA Ex-4 increases tyrosine hydroxylase within the VTA (Mietlicki-Baase et al., 2013) , suggesting enhanced production of dopamine. Although the VTA sends robust dopaminergic projections to the NAc core (Fallon and Moore, 1978; Phelix and Broderick, 1995) , our results indicate that GLP-1R signaling within the NAc core by Ex-4 does not alter phasic dopamine release, further suggesting that GLP-1Rs are probably not located on presynaptic dopaminergic terminals within the core. However, the possibility that activation of intra-VTA GLP-1R may alter dopamine release in the NAc core has not yet been tested. An additional consideration is that although GLP-1-producing neurons in the NTS project monosynaptically to both the NAc core (Dossat et al., 2011; and to the VTA , it is unknown whether the projections to each site are simultaneously activated. It may be that separate subpopulations of NTS GLP-1-producing neurons are activated under different conditions and perhaps specifically stimulate GLP-1Rs in one nucleus versus another to regulate food intake. Alternatively, multiple MRS GLP-1R-expressing nuclei may be concurrently activated by NTS-derived GLP-1 and thus act cooperatively to promote negative energy balance. Such hypotheses require further examination.
Given that GLP-1R agonists are widely used in the treatment of type 2 diabetes mellitus (Davidson et al., 2005; Parks and Rosebraugh, 2010) and have physiologically relevant effects through direct action in the CNS (Kanoski et al., 2011 (Kanoski et al., , 2012 , there is an urgent need to understand more fully the downstream effects of GLP-1R activation in distributed CNS sites. The current data provide evidence that intra-NAc core GLP-1R activation suppresses food intake and body weight gain at least in part via glutamatergic AMPA/kainate receptor signaling, but does not alter NAc core dopamine release. These findings demonstrate a novel mechanism by which intracore GLP-1R activation suppresses palatable food intake. Along with previous data describing a similar effect of VTA GLP-1R activation to enhance glutamatergic neurotransmission, the present results support the idea that GLP-1R signaling in the MRS engages glutamatergic neurotransmission to promote negative energy balance.
